We investigate the differential effects of metal cooling and galactic stellar winds on the cosmological formation of individual galaxies with three sets of cosmological, hydrodynamical zoom simulations of 45 halos in the mass range 10 11 < M halo < 10 13 M ⊙ . Models including both galactic winds and metal cooling (i) suppress early star formation at z 1 and predict reasonable star formation histories for galaxies in present day halos of 10 12 M ⊙ , (ii) produce galaxies with high cold gas fractions (30 -60 per cent) at high redshift, (iii) significantly reduce the galaxy formation efficiencies for halos (M halo 10 12 M ⊙ ) at all redshifts in overall good agreement with recent observational data and constraints from abundance matching, (iv) result in highredshift galaxies with reduced circular velocities in agreement with the observed TullyFisher relation at z ∼ 2 and (v) significantly increase the sizes of low-mass galaxies (M stellar 3 × 10 10 M ⊙ ) at high redshift resulting in a weak size evolution -a trend in agreement with observations. However, the low redshift (z < 0.5) star formation rates of massive galaxies are higher than observed (up to ten times). No tested model predicts the observed size evolution for low-mass and high-mass galaxies simultaneously. Without winds the sizes of low-mass galaxies evolve to rapidly, with winds the size evolution of massive galaxies is too weak. Due to the delayed onset of star formation in the wind models, the metal enrichment of gas and stars is delayed and agrees well with observational constraints. Metal cooling and stellar winds are both found to increase the ratio of in situ formed to accreted stars -the relative importance of dissipative vs. dissipationless assembly. For halo masses below ∼ 10 12 M ⊙ , this is mainly caused by less stellar accretion and compares well to predictions from semi-analytical models, but differs from abundance matching models as the in situ formed fractions of stellar mass are still too low in the simulations. For higher masses, however, the fraction of in situ stars is over-predicted due to the unrealistically high star formation rates at low redshifts.
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INTRODUCTION
Simple models for galaxy formation assume that gas gets trapped in potential wells of dark matter halos, cools and condenses in central disc, forms stars and self-enriches with a critical galactic stellar mass of the order of 10 12 M⊙ so that halos with masses ≫ 10 13 M⊙ fragment into many galaxies (e.g. Rees & Ostriker 1977; White & Rees 1978) . In hierarchical structure formation scenarios, these processes are accompanied by merger events and continuous gas inflow. However, unaltered inflow and cooling of gas would grossly over-estimate the star formation within a galaxy and result in too massive galaxies known as the 'over-cooling' problem (e.g. White & Frenk 1991; Balogh et al. 2001) .
It is plausible that additional 'feedback' processes regulate galaxy growth, i.e. galactic winds driven by supernova explosions or radiation pressure from young massive stars (e.g. Martin 2005; Rupke et al. 2005; Murray et al. 2005) . A number of different numerical models for stellar feedback have been developed and implemented in simulations (e.g. Dalla Stinson et al. 2012; Hopkins et al. 2011; Governato et al. 2010; Schaye et al. 2010; Dalla Vecchia & Schaye 2008; Oppenheimer & Davé 2006 and references therein) partly resulting in much better agreement of the galaxy properties with observational constraints. Especially for massive galaxies, energy-driven and/or momentum-driven feedback from accretion onto a central black hole can additionally alter galaxy formation and alleviate the overcooling problem (e.g. Croton et al. 2006; Somerville et al. 2008; Hopkins et al. 2005; Ciotti et al. 2010; Teyssier et al. 2011; Puchwein & Springel 2012; Martizzi et al. 2012; Choi et al. 2012; . Overall, such feedback processes are expected to impact the evolution of the stellar galaxy masses, their metal and gaseous content, the efficiency of converting baryons into stars and, as a consequence, also the stellar mass assembly (in situ star formation vs. accretion of stars) and the size evolution (Khochfar & Silk 2006; De Lucia et al. 2006; Naab et al. 2007 Naab et al. , 2009 Oser et al. 2010; Porter et al. 2012; Oser et al. 2012; Hilz et al. 2012; McCarthy et al. 2012; Lackner et al. 2012; Hilz et al. 2013) .
Also at higher redshifts observations have now revealed tight correlations between stellar mass, gas mass, star formation rate and metal content like the relation between stellar mass and star formation rate (SFRs), often termed the 'main sequence for star-forming galaxies' (Noeske et al. 2007; Daddi et al. 2007; Elbaz et al. 2007; Genzel et al. 2010) . Another example is the relation of stellar mass with gas-phase metallicity (Tremonti et al. 2004; Maiolino et al. 2008; Andrews & Martini 2012) . Even though the total gas content of a galaxy is difficult to measure (because atomic, molecular and ionized phases must be accounted for), there are strong indications for galaxies with higher stellar masses to have lower gas fractions (Saintonge et al. 2011; Peeples & Shankar 2011) . In general, all these relations evolve with redshift and any successful theoretical framework has to account for this evolution (Tremonti et Despite of the progress in numerical modelling of galaxy formation, the detailed physics of star formation and feedback processes cannot be directly simulated on the relevant small scales but is incorporated in an approximate fashion on sub-resolution scales -more or less motivated by the physics of star formation and observed phenomenology. In has been shown that models driving galactic winds, which can be powered by stellar winds and UV photons from young stars and supernova explosions, can greatly improve the agreement of simulations with observations (Kauffmann et al. 1993; Springel & Hernquist 2003; De Lucia et al. 2004; Oppenheimer & Davé 2006; Stinson et al. 2006; Governato et al. 2007; Oppenheimer & Davé 2008; Murante et al. 2010; Governato et al. 2010; Cen & Chisari 2011; Wiersma et al. 2011; Genel et al. 2012; McCarthy et al. 2012; Haas et al. 2012; Governato et al. 2012; Hopkins et al. 2012; Kannan et al. 2012; Agertz et al. 2013; Stinson et al. 2013; Aumer et al. 2013; Hopkins et al. 2013; Anglés-Alcázar et al. 2013) . Such outflows are now directly observed in most star-forming galaxies up to z ∼ 3 (Martin 2005; Rupke et al. 2005; Weiner et al. 2009; Steidel et al. 2010; Genzel et al. 2011; Newman et al. 2012) . Energy and/or momentum injection from massive stars can be modelled in many different ways into the numerical schemes of simulations. Pure thermal supernova feedback, just heating the surrounding gas, is inefficient (e.g. Katz et al. 1992; Steinmetz & Muller 1995; Katz et al. 1996; Hummels & Bryan 2012) as the dense star-forming gas has a high cooling-rate and the energy can be radiated away very quickly before it can be deposited into the ISM driving a wind (see, however, for a recent improvement . This is mainly a result of low resolution: thermal feedback works well at high enough resolution (better than 10 pc, see e.g. Ceverino & Klypin 2009 ). To overcome this problem (for simulation with not high-enough resolution), energy injection from star-bursts and/or supernovae has been modelled in many different ways: in a kinetic form (e.g. Navarro & White 1993; Cen & Ostriker 2000; Springel & Hernquist 2003; Oppenheimer & Davé 2006; Dalla Vecchia & Schaye 2008) , by turning off radiative cooling temporarily (e.g. Stinson et al. 2006; Governato et al. 2007 Governato et al. , 2010 Piontek & Steinmetz 2011; Stinson et al. 2013) or by forcing energy injection into the hot and cold gas phase separately (e.g. Scannapieco et al. 2006; Murante et al. 2010) .
In this paper, we use a phenomenological feedback scheme presented by Oppenheimer & Davé (2006 ; Finlator & Davé (2008); Oppenheimer et al. (2009); Davé (2009); Oppenheimer et al. (2010) and who implemented scalings expected for momentum-driven winds (Murray et al. 2005; Zhang & Thompson 2012) in large scale cosmological simulations with a typical spatial resolution of a few kpc. It is assumed that the gas outflow rate (i.e. the mass loading) is inversely proportional to the stellar velocity dispersion, suppressing star formation in smaller systems, and that the wind velocity is directly proportional to the velocity dispersion of a galaxy. With such a scaling for driving winds, high outflow rates and frequent gas re-accretion can be generated leading to a continuous cycle of baryons between galaxies and their surrounding intergalactic medium (IGM) and this cycle is found to impact Table 1 . Halo ID, halo virial mass (M vir ), virial radius (R vir ), stellar mass (M stellar ) and gas mass (Mgas) of the central galaxies for the three models (45 initial conditions each). All masses are in units of 10 10 h −1 M ⊙ and the virial radius in in units of h −1 kpc.
many of the observed galaxy and IGM properties. Although most galaxies in these simulations were not resolved sufficiently well, these models were successful in matching a wide range of global observational data of galaxies and their ISM properties, although some significant discrepancies still remain.
In this study, we present three sets of higher resolution, cosmological zoom simulations of 45 individual galaxy halos using a modified version of Gadget2 including a treatment for metal enrichment (SNII, SNIa and AGB stars) and strong momentum-driven winds (as described in detail in Oppenheimer & Davé 2006 . This extends recent studies by Oser et al. (2010 Oser et al. ( , 2012 , which our initial conditions are based on, but containing only thermal SN feedback, which is known to have only a weak effect on suppressing star formation (see e.g. ). In the three simulation sets, we add metal enrichment/cooling and the wind model separately to investigate the respective impact on the conversion of gas into stars, the in-and outflow rates of gas, the resulting cold gas fractions, star formation rates and the metal content in the stellar and gaseous phase in halos spanning a mass range of 10 11 < M halo < 10 13 M⊙ (Note that we also analyse the substructure within a halo considering sub-halo masses down to even 10 10 M⊙). Additionally, we examine the effect on the bi-modality in the stellar mass assembly, i.e. the contribution of in situ formed and accreted stars to the overall stellar content and on galaxy scaling relations, e.g. the mass-size relation or the Tully-Fisher relation. Oser et al. (2010) found that massive galaxies form their stars early in time and grow mainly via accretion of stellar systems at later times explaining the observed stellar downsizing for massive galaxies. In addition, we demonstrate in this study that galactic winds are essential to reproduce the observed stellar downsizing concerning low-mass galaxies. Overall in this work, we go beyond previous studies (Finlator & Davé 2008; Davé 2009; by using the same simulation code, i.e. the same SN feedback prescription, but achieving a significantly increased resolution (by about 1-2 orders of magnitude) in gas/dark matter particle mass. This approach is still useful at higher resolution as it allows to test for convergence of the models in predicting different galaxy properties (see e.g. Vogelsberger et al. 2013) . Second, our resolution is higher but still not high enough to reliably apply more direct feedback models (e.g. the Gasoline model requires an at least one of order of magnitude better resolution compared to ours) and it is far from having a resolution where physical processes driving winds can be explicitly captured. Third, with higher resolution we can investigate spatial information such as galaxy sizes, the maximum circular velocities or the radial distributions of metallicities (which will be the topic of a follow-up study).
Despite of the recent progress in numerically modelling the hydrodynamics using e.g. a moving mesh algorithm (e.g. Springel 2010; Sijacki et al. 2012; Kereš et al. 2012; Vogelsberger et al. 2013) , the implementations for star formation and stellar feedback still dominate the end results of how galaxies form and evolve, rather than the details of the implementation of the hydrodynamics. Scannapieco (2012) , for example, have explicitly demonstrated that different numerical techniques typically lead to differences as more gas seems able to cool and become available for star formation in grid-based codes than in SPH. However, they emphasise that this effect is small compared to the variations induced by different feedback prescriptions. In a recent study of Marinacci et al. (2013) they have shown that to simulate "realistic" Milky-Way-like galaxies (e.g. disk-dominated systems with flat rotation curves) using a moving mesh code, also a (new) strong feedback model is necessary. Overall, this justifies the SPH implementation of GADGET2 used in this paper and demonstrates the importance of studying the effect of galactic winds irrespectively of the used numerical implementation.
The paper is organised as follows. Section 2 provides an introduction into our simulation set-up and the construction of the merger trees. In section 3 we discuss the effect of galactic winds and metal cooling on star formation rates, in-and outflow rates, cold gas fractions and the baryon conversion efficiencies. We continue to focus on the bi-modality of star formation (in situ formed versus accreted stellar content) in our different simulation sets in section 4 and on galaxy scaling relations in section 5. In addition, in section 6 we present stellar and gaseous metallicities and ages of our simulated galaxies. A final summary and discussion of this work is given in section 7.
HIGH-RESOLUTION SIMULATIONS OF INDIVIDUAL GALAXY HALOS

Simulation setup
The cosmological zoom simulations presented in this paper are based on the initial conditions described in detail in Oser et al. (2010 Oser et al. ( , 2012 . We briefly review the simulation setup here, but refer the reader to the original papers for more details. The dark matter halos for further refinement were selected from a dark matter only N-body simulation with a co-moving periodic box length of L = 100 Mpc and 512 3 particles (Moster et al. 2010 ). We assume a ΛCDM cosmology based on the WMAP3 measurements (see e.g. Spergel et al. 2003 ) with σ8 = 0.77, Ωm = 0.26, ΩΛ = 0.74, and h = H0/(100 kms −1 ) = 0.72. The simulation was started at z = 43 and run to z = 0 with a fixed co-moving softening length of 2.52 h −1 kpc and a dark matter particle mass of MDM = 2 × 10 8 M⊙ h −1 . Starting at an expansion factor of a = 0.06 we constructed halo catalogues for 94 snapshots until a = 1 separated by ∆a = 0.01 in time. From this simulation, we picked 45 halos identified with the halo finder algorithm F OF at z = 0. To construct the high-resolution initial conditions for the re-simulations, we traced back in time all particles closer than 2 × r200 to the centre of the halo in any snapshot and replaced them with dark matter as well as gas particles at higher resolution (Ω b = 0.044, ΩDM = 0.216). In the high resolution region the dark matter particles have a mass resolution of m dm = 2.5 · 10 7 M⊙h −1 , which is 8 times higher than in the original simulation, and the gas particle masses are mgas = mstar = 4.2 · 10 6 M⊙h −1 . The co-moving gravitational softening length for the gas and star particles is 400 h −1 pc and 890 h −1 pc for the high-resolution dark matter particles. For two halos, we have also performed simulations with 16 times higher mass resolution than in the original DM-only simulation (see appendix A).
To model the gas component we use the entropy conserving formulation of SPH (Gadget-2, with the extension of Oppenheimer & Davé (2006 including a prescription for metal enrichment and momentum-driven winds. This version includes ionisation and heating by a spatially uniform, redshift dependent background radiation according to Haardt & Madau (2001) , where re-ionisation takes place at z ≈ 6 and the radiation field peaks at z ≈ 2 − 3. Gas particles undergo radiative cooling down to 10 4 K under the assumption of ionisation equilibrium; we account for metal-line cooling using the collisional ionisation equilibrium tables of Sutherland & Dopita (1993) . Following Springel & Hernquist (2003) , stars are formed from dense gas clouds using a sub-resolution multiphase model which describes condensation and evaporation in the interstellar medium (McKee & Ostriker 1977) . We have a density threshold for star formation of n th = 0.13 cm −3 , which is calculated self-consistently in a way that the equation of state is continuous at the onset of star formation. This value is the same as in the work of Oppenheimer & Davé (2008) and Black circles indicate the dark matter halos (as identified by the halo finder) and the size of the circles is scaled by the square root of the dark matter virial radius. In addition, the cold gas fractions f cold of the galaxies are colour-coded. The merger trees visualise that simulations including strong winds significantly increase the cold gas fraction (bluer colour). fSN = 0.1). The model is tuned via a single parameter, the star formation rate timescale, using simulations of isolated disk galaxies to reproduce the observed SchmidtKennicut relation. Note that in cosmological simulations the result may, however, deviate from the observed relation (see ).
Following Oppenheimer & Davé (2008) , we account for metal enrichment from supernovae type II (SNII), type Ia (SNIa) and asymptotic giant branch (AGB) stars and four elements (C, O, Si, Fe) are tracked individually. The SNII enrichment follows Springel & Hernquist (2003) using an instantaneous recycling approximation, but is modified by adopting metallicity dependent yields from the nucleosynthesis calculations by Limongi & Chieffi (2005) . The SNIa rate is modelled following the two-component parametrisation from Scannapieco & Bildsten (2005) , where one component is proportional to the stellar mass (slow, delayed component) and the other to the SFRs (rapid component). Besides the production of metals, each SNIa is assumed to deposit 10 51 ergs of energy, and this energy is added thermally directly to the gas particle. AGB stars mainly provide feedback in form of mass (energy can be neglected as most mass leaves the AGB stars with velocities far below 100 km/s) and produce carbon and oxygen (while silicon and iron remains almost unprocessed). To determine the stellar mass loss rate from non-SN stars as a function of age and metallicity we use the Bruzual & Charlot (2003) stellar synthesis models and interpolate in age and metallicity.
The momentum-driven wind model is based on the wind model of Springel & Hernquist (2003) : outflows are directly tied to the star formation rates using the relatioṅ M wind = ηṀSF, where η is defined as the mass loading factor. Star forming gas particles get stochastically kicked vertically to the disc and are thus, launched in a wind with the probability η. A selected wind particle is given the additional velocity of vw in the direction of v × a, where v and a are the velocity and acceleration of a particle, respectively (Springel & Hernquist 2003) . Subsequently, the gas particles are decoupled from hydrodynamics for a short time in order to escape their dense, star-forming regions and eventually to leave their galaxies (see e.g. Dalla Vecchia & Schaye 2008) . These particles are only allowed to again interact hydrodynamically as soon as they either reach a SPH density less than 10 per cent of the SF density threshold or the time it takes to travel 30 kpc at the wind velocity vw (note that the first case significantly exceeds the instances of the second case). The values of η and vw define the wind model: while Springel & Hernquist (2003) used constant values for these parameters, Oppenheimer & Davé (2006) adopt a momentum-driven wind model and introduce a scaling with the velocity dispersion of the galaxies motivated by observations of galactic super-winds of Martin (2005) 
where fL is the luminosity factor (critical luminosity in terms of Eddington luminosity to expel gas out of the galaxy). fL is randomly selected from fL = [1.05−2] for each particle following the observations by Rupke et al. (2005) and is dependent on metallicity due to a higher UV photon output from lower metallicity stellar populations
The mass-loading factor η (i.e. the fraction of star-forming particles, which get kicked) is calculated according tȯ
where
gal is the velocity dispersion which is calculated from the galaxy mass using an on-the-fly group finder. σ0 is a constant which is set to reproduce the overall evolution of the SFR density in Oppenheimer & Davé (2006) (here: σ0 = 300 km/s). For low resolution simulations of large cosmological boxes this empirical model was shown to reproduce the observed metal enrichment of the intergalactic medium at 2 < z < 5 (Oppenheimer & Davé 2006) , the mass metallicity relation (Finlator & Davé 2008) , the cold gas fractions , the SFRs and baryon conversion efficiencies (Davé 2009 ) at various redshifts. This model is clearly empirical and phenomenological. However, the implemented scalings are consistent with observations and analytical estimates for momentumdriven winds. This model captures the effect of the wind but not its origin on unresolved scales. In this sense it might be as valuable as many other sub-resolution models. The model itself regulates how much gas is expelled from a galaxy with a given SFR and mass. The mass loading regulates the delayed formation of galaxies (the star formation histories, see section 3.1) what might therefore be considered as a model input. Other galaxy properties, like the size evolution or the fractions of in situ to accreted stellar mass, the evolution of the mass-metallicity relation can be considered as model predictions.
To disentangle the effects of metal enrichment and galactic winds we study the influence on galaxy properties separately by running the full set of simulations with three different models:
• NoWM: No metal enrichment (only gas cooling for a primordial composition of hydrogen and helium) and no galactic winds (only thermal energy injection due to SNII explosions), comparable to the results of Oser et al. (2010) , Oser et al. (2012) and .
• MNoW: Metal enrichment and metal cooling, but no galactic winds
• WM: Metal enrichment and momentum-driven galactic winds Table 1 summarises global properties (halo mass, virial radius, stellar mass and gas mass) of the 135 re-simulations. Note that all simulations include thermal supernova feedback as described in detail in Springel & Hernquist (2003) 1 . For our analysis, we will not only consider the central galaxy within the re-simulated halo, but also the corresponding satellite galaxies with halo masses above 10 10 M⊙ within the virial radius of the parent halo at z = 0. The halo masses of satellites are determined at the time of their accretion onto their final parent halos. Including satellite galaxies in our analysis extends our galaxy sample towards lower masses which are stronger affected by the wind feedback.
Merger trees
We extract the merger trees for the dark matter component directly from the cosmological re-simulations as described in Hirschmann et al. (2010) . For every snapshot at a given redshift, we first identify individual dark matter haloes using a FOF (Friends-of-Friends) algorithm with a linking length of b = 0.2 (Davis et al. 1985) . In a second step we extract the sub-halos of every FOF group using the Subfind algorithm (Springel et al. 2001 ). This halo finder identifies over-dense regions and removes gravitationally unbound particles. In this way we split the FOF group into a main or host halo and its satellite halos. In most cases, 90% of the total mass is located in the main halo.
The sizes and virial masses of the main halos (i.e. the most massive Subfind halos) are determined by a spherical over-density criterion. The minimum halo mass is set to 20 particles (5 × 10 8 M⊙/h). The mass of a central object is defined by the dark matter mass within the virial radius using the over-density approximation in the spherical collapse model according to Bryan & Norman (1998) . The algorithm to connect the dark matter halos between the snapshots at different redshifts is described in detail in Maulbetsch et al. (2007) . The branches of the trees for z = 0 halos are constructed by connecting the halos to their most massive progenitors (MMP) at previous snapshots. Thereby, halo j with nj particles at redshift zj with the maximum probability p(i, j) is chosen to be a MMP of halo i containing ni particles at redshift zi (where zj < zi). The probability p(i, j) is defined as
Here, nov is the number of particles found in both halos and nmax is the particle number of the larger halo. We remove 'fake' haloes which exist only within one time step and have no connection to any branch (halo masses are generally near to the resolution limit). The low redshift ends of the branches are then checked for mergers. A halo j at tj is assumed to merge into halo i at ti, if at least 50% of the particles of halo j are found in halo i. In case of a merger the branches are connected. Note that the tree-algorithm is only applied to the dark matter particles -star or gas particles are not separately traced back in time. They are assumed to follow the evolution of the dark matter. Therefore, we assign to each dark matter halo in a tree a hot/cold phase gas mass by counting hot/cold gas particles within the virial radius of the central halo. The stellar and cold gas particles within 1/10 of the virial radius (:= r10) are defined as the stellar and gas mass of the central galaxy. We distinguish between hot and cold gas particles by using the following definition:
where T is the temperature and ρ is the density divided by the mean baryon density. Note that the above discrimination between hot and cold gas was established by looking directly at the phase diagrams of the re-simulations, where we have divided between the gas in the disk heated by SN feedback and the shock heated gas. With the above definition for cold gas we mainly capture the dense, star-forming gas.
In Fig. 1 we visualise three merger trees of the same re-simulated halo with a virial mass of 1 × 10 12 M⊙ (M1071) for the three different simulations sets. The size of the black circles approximates the dark matter halo mass as they scale with the square root of mass normalised to the final dark matter halo mass. The cold gas fractions (= M cold /(M cold + Figure 2 . Top row: Mean star formation rates (SFR) versus redshift (z+1) for the three models (blue: NoWM, red: MNoW, green: WM) in three different halo mass bins (different columns, considering the present-day halo masses). Centrals are illustrated by solid, satellites by dashed lines. The coloured areas indicate the 1-σ scatter of the mean SFRs. The early star formation on the WM runs is efficiently by galactic winds and is in reasonable agreement with SHAM predictions , black dotted lines) for halo masses above 10 11 M ⊙ . Bottom row: Same as in the top row, but for the mean specific star formation rates (sSFR's). The WM runs can reproduce the decline of the observed sSFR's (of star-forming galaxies) with redshift: ∝ (z + 1) 2.25 for galaxy masses between 10 9 − 10 11 M ⊙ (illustrated by black dashed lines, see observational compilation of Dutton et al. 2010; Reddy et al. 2012 ) and the one found by Elbaz et al. (2011) (black dotted-dashed lines).
M stellar )) of the galaxies residing in the dark matter halos are colour-coded (as indicated by the colour bar). In all three models, galaxies at high redshift contain a larger cold gas content, which either turns into stars or is heated towards lower redshifts. However, simulations including strong winds (WM) reveal a significantly larger cold gas fraction than the simulations without winds, at all redshifts.
CONVERSION OF GAS INTO STARS
An important and useful parameter describing galaxy formation is the efficiency with which gas is turned into stars. This efficiency might vary with time and redshift and is influenced by gas outflows which not only determine the cold gas mass and the stellar content in a galaxy but also influence 'secondary' galaxy properties such as the metal content, the stellar mass assembly, i.e. the relative contributions from in situ star formation and accretion of stars, and as a consequence the structural evolution of galaxies over cosmic time.
Star formation rates
We start by investigating the star formation rates (SFRs) of our simulated galaxies within r10 := 1/10 × rvir (for the satellites we use r10 of their own sub-halo), shown in the top row of Fig. 2 . We consider in our analysis both central (solid lines) and satellite galaxies (dashed lines) in the three different simulation sets (green: WM; red: MNoW; black: NoWM). We have binned the centrals and satellites into overall three halo mass bins: 12 < log M gal /M⊙ < 13 & 11 < log M gal /M⊙ < 12 for centrals and 11 < log M gal /M⊙ < 12 & 10 < log M gal /M⊙ < 11 for satellites (different panels) and averaged over the SFRs in each mass bin.
The NoWM runs show significant early star formation: for the most massive halos, the SFRs peak at z ∼ 5 and are decreasing towards lower redshifts (top left panel). With decreasing halo mass, the peaks of the SFRs are slightly moved towards lower redshifts (e.g. z ∼ 3 for halos with 10 < log M gal /M⊙ < 11, bottom right panel), illustrating a mild trend of stellar downsizing or anti-hierarchical stellar evolution. According to Neistein et al. (2006) this a "natural" consequence of CDM models. For the MNoW runs, the peak of star formation is slightly shifted towards lower redshifts (z = 2 − 4 depending on the halo mass bin), again followed by a decline. The shift of the peak is due to a higher star formation in a larger number of small halos as a consequence of more efficient cooling (in low-mass halos). In other words, gas cools and turns into stars preferentially in smaller halos rather than falling into larger ones at high redshifts Figure 3 . sSFR's versus galaxy masses at z=0,1,2 (top, middle, and bottom panel) for the three models for star-forming central/satellite galaxies (with sSFR > 0.3/t Hubble , bright circles/stars) and quiescent central/satellite galaxies (with sSFR < 0.3/t Hubble , light circles/stars), respectively. The simulation results are compared to the observed star-forming sequence of galaxies from SDSS and GOODS (black solid lines, Elbaz et al. 2007; Daddi et al. 2007 ) and to recent observational data from Tacconi et al. (2010) and Tacconi & et al. (2013) (yellow symbols). MW runs reproduce the observed relation fairly well at all redshifts.
(and thus, delaying the peak of the SFR in larger galaxies). Simulations with wind feedback (WM runs) reveal a more moderate increase of star formation at high redshifts. For the high and intermediate mass bins, star formation peaks between z = 1 − 2, while for the low mass bin, the SFR peaks below z = 0.5. Therefore, the WM model predicts a much more pronounced trend of stellar downsizing than the NoWM model: low mass galaxies form at significantly later times than their corresponding (low-mass) host halos which -in a cold dark matter dominated universe preferentially form at early times (White & Frenk 1991) . The early formation of low mass galaxies in the WM runs is suppressed due to the efficient ejection of star forming gas (see equation 3), particularly in low mass galaxies and also at high redshifts (as here the re-infall rate is still low in contrast to low redshifts where recycled gas accretion becomes the dominant source of gas infall for new star formation, see e.g. Oppenheimer & Davé 2006; Oppenheimer et al. 2010) .
The time evolution of the SFRs is compared to predictions from the sub-halo abundance matching (SHAM) model as presented in Moster et al. (2013) (dotted black lines in the top row of Fig. 2 ). Note that we have used the average halo mass in each mass bin as an input value for the SHAM fitting functions. For halo masses above 10 11 M⊙, we find a good agreement between the WM simulations and the SHAM model. Only at low redshifts (below z = 1) the WM runs predict higher SFRs for massive galaxies compared to the SHAM model as too much gas is cooling and forming stars. This implies that in massive galaxies a further mechanism might be needed to efficiently suppress star formation as e.g. feedback from accreting black holes Sijacki et al. 2007; Somerville et al. 2008; Puchwein et al. 2008; Booth & Schaye 2009; Fabjan et al. 2010; McCarthy et al. 2010; van de Voort et al. 2011; Fanidakis et al. 2011; Bower et al. 2012; Dubois et al. 2013; Puchwein & Springel 2013) .
Turning to the lowest halo mass bin (top right panel), even the SFRs in the WM simulations are slightly higher than the SHAM predictions for the whole redshift range, although low-mass satellites match the observed SFR -stellar mass relation well, as we will discuss later in Fig. 3 . This indicates that these low mass halos contain too massive galaxies (see also baryon conversion efficiencies in Fig.  7 ). This over-production of stars at early times in halos with masses between 10 10 − 10 11 M⊙ is also consistent with overproducing the mass of these galaxies at z = 0. A solution for this problem would be to assume a higher mass-loading for low mass halos. For example, a recent study of Davé et al. (2013) has demonstrated that an energy-driven wind model for dwarf galaxies (mass loading scaling with σ −2 ) can reduce the amount low-mass galaxies and thus, match the lowmass end of the stellar mass function better. Nevertheless to summarise, the overall evolution of the peaks of the SFRs with halo mass (i.e. the stellar downsizing) as predicted by the SHAM method is quantitatively very well captured by the WM model.
In the bottom row of Fig. 2 , we show the evolution of the specific star formation rates sSF R = SF R/M stellar . Overall, the sSFR's are continuously decreasing towards low redshifts. The MW model shows the slowest decrease, in particular for galaxies in lower mass halos. This is in good agreement with observations presented by Dutton et al. (2010) ; Elbaz et al. (2011) and Reddy et al. (2012) indicating that sSFR's ∝ (z + 1) 2.25 below z = 2.5 and flat sSFR's at higher redshifts.
In Fig. 3 . Cosmic evolution of the inflow rates (top row) and the mass loading factors (= Ṁ outflow /SF R , bottom row) for different halo mass bins (different columns) and distinguishing between centrals and satellites (solid and dashed lines, respectively). Different colors illustrate the NoWM (blue), the MNoW (red) and the WM (green) simulation runs. The lines indicate the mean value, while the corresponding shaded areas show the 1-σ scatter. In general, at z 3 − 4, galactic winds increase the gas inflow (and outflow) rates and thus, lead to high mass loading factors.
have separated the simulated galaxies into quiescent (light green, red and blue symbols) and star-forming (dark green, red and blue symbols) using the Franx et al. (2008) definition: galaxies are quiescent for sSFR < 0.3/t Hubble . While the NoWM and MNoW runs in general under-predict the sSFR's of star-forming galaxies at a given stellar mass, the sSFR's in the WM simulations are in reasonably good agreement with the observed trend although the absolute SFRs (at least for massive systems) seem to be too high. This is in qualitative agreement with who find that (for large cosmological boxes) the WM model significantly over-estimates the number density of galaxies at the massive end of the stellar mass function (M gal 10 11 M⊙) and also the high end of the SFR distribution function. They attribute this failure to a missing mechanism to efficiently suppress star formation in massive galaxies (e.g. feedback from AGN) primarily at low redshift. However, for lower mass galaxies (M gal < 5 × 10 10 M⊙), we obtain slightly higher sSFR's at low redshifts than the previous results of , a possible effect of the higher resolution (i.e. increasing star formation with increasing resolution, see Appendix A).
Inflow, outflow and mass loading of gas
To explicitly demonstrate the influence of the galactic winds and fountains on the balance of gas inflow and outflow we present in Fig. 4 the cosmic evolution of the mean gas inflow rates (top row), and of the 'mass-loading' factors (bottom row) for star forming centrals and satellites in different halo mass bins. We consider the flows through a sphere with radius r10. The 'mass-loading' is then computed as
whereṀ outflow is the outflow rate. Note that the evolution of the outflow rates is not shown explicitly but their behaviour follows the one of the inflow rates. We find that at high redshifts ( 3 − 4) the inflow (and outflow) rates in the models without winds are higher than in the WM model. This most likely reflects the inflows (and outflows) of hot gas which appear in a hydrostatic equilibrium (of a hot halo) in the models without winds. The early emergence of a hot halo is a consequence of the earlier assembly of stellar structures in the NoWM and the MNoW models than in the WM model and of the resulting gravitational energy release from in-falling stellar systems (i.e. gravitational feedback, see Johansson et al. 2009 and Naab et al. 2007 ). In contrast, at redshifts below 3, the inflow (and outflow) rates in the WM model are always larger than in the models without galactic winds. The high outflow rates are a direct consequence of expelling the star-forming gas in the wind model, while the high inflow rates reflect the accretion of recycled gas, which has been blown out at earlier times and which is according to Oppenheimer et al. (2010) the dominant mode of gas accretion since z = 1.5 (besides Figure 5 . Time evolution of the average stellar mass (top row) and the average cold gas fractions (bottom row) of the simulated galaxies in different halo mass bins (different columns) separated by centrals (solid lines) and satellites (dashed lines). Different colours correspond to the three NoWM (blue), MNoW (red) and WM(green) models. The shaded areas show the 1-σ scatter of the mean values. Runs including momentum-driven winds lead to significantly higher cold gas fractions, particularly in low mass galaxies, which are in reasonably good agreement with observational data (yellow symbols, Erb et al. 2006; Tacconi et al. 2010; Peeples & Shankar 2011; Tacconi & et al. 2013 ).
cold and hot mode accretion). In the highest halo mass bin (left top panel) the inflow (and outflow) rates in the WM model are strongly declining below z ∼ 2 and reaching at z = 0 similar values as in the NoWM and the MNoW models, whereas in galaxies residing in halos with masses below 10 11 M⊙, the inflow (and outflow) rates remain almost constant below z ∼ 2 and are at z = 0 by roughly an order of magnitude higher than in the models without any galactic winds.
Turning now to the mass loading factors (bottom row in Fig. 4 ), all models predict a decreasing mass loading with decreasing redshift. At very high redshifts z > 5 the mass loading is similarly high in all three simulation runs. With decreasing redshift, however, the mass loading factors in the NoWM and MNoW models exhibit a similarly strong decline, while for the WM model the decline is much shallower and thus, the mass loading factors are always higher than in the models without galactic winds, particularly for low-mass halos. This explicitly demonstrates the efficiency of stellar winds on the strength of mass loading (by definition). Only for the most massive halos the mass loading factors in the WM run at z = 0 are found to be similarly low as those in the runs without winds as the galactic wind feedback is less efficient in blowing gas out of massive galaxies at low redshifts and as the SFRs are still high (due to the high re-infall rates of previously ejected gas).
Cold gas fractions
In Fig. 5 we show the evolution of the stellar mass (top row) and the cold gas fractions (bottom row). The cold gas fraction is computed as
where M cold is the cold gas mass and M stellar is the stellar mass within r10. We find a general trend for lower mass galaxies to have higher cold gas fractions. For the NoWM and MNoW runs the evolution of the galaxies is very similar. The cold gas fractions at all masses decrease very rapidly with time so that already by z ≈ 2 the cold gas fractions are below 20%. Due to very efficient early star formation most of the gas is consumed early-on. Including metal enrichment only slightly increases the cold gas masses (and fractions) due to enhanced cooling. It is notable that in both models the cold gas fractions of the satellites decrease faster than for the centrals at the same halo mass. This may be caused by environmental processes like strangulation, ram-pressure stripping etc. working only on satellite galaxies (e.g. particular at z ≈ 2 the winds result in 4-5 times higher cold gas fractions. This is caused both by lower stellar masses (top row of Fig. 5 ) and at the same time higher cold gas masses irrespectively of whether the galaxy is a central or a satellite. At higher redshifts (z 3), the cold gas mass in the WM runs tends to be slightly lower than in the models without winds (not explicitly shown), while the stellar masses are significantly lower. Towards lower redshifts, however, we find that the cold gas mass in the WM runs is always larger than in the NoWM and MNoW models. There is also a clear trend for lower mass galaxies to have higher gas fractions. This is a consequence of the re-accretion of recycled gas in the WM model (Oppenheimer et al. 2010; Weinmann et al. 2012 ). The increased cold gas fractions in the WM runs Moster et al. (2013) . At z ∼ 2, the WM model matches the predicted conversion efficiencies fairly well at all halo masses. At z = 0, all simulation sets predict too high conversion efficiencies, in particular the models without winds (NoWM, MNoW) at low halo masses. The wind model WM accounts for the shape but overall predicts higher galaxy masses by a factor of 2 to 4.
are caused by suppression of early star formation, delaying the conversion of gas into stars towards lower redshifts as galactic winds are very efficient in blowing out starforming gas particularly for low-mass galaxies which can be re-accreted at later times and thus, leading to an increased amount of cold gas compared to the models without galactic winds (e.g. Erb et al. 2006) ) by yellow symbols on the bottom panels of Fig. 5 . A more consistent comparison of simulated and observed gas fractions and stellar masses at z = 0, 1, 2 is presented in Fig. 6 . Filled circles illustrate central, open stars satellite galaxies in simulations. Yellow symbols correspond to different measurements of cold gas fractions as indicated in the legend (Erb et al. 2006; Tacconi et al. 2010; Saintonge et al. 2011 and Tacconi & 2 ) In agreement with previous results ) the NoWM and MNoW runs consistently under-predict observed gas fractions while the empirical wind models are in reasonable agreement with observations at all redshifts and all galaxy masses. 
Baryon conversion efficiencies
where f bar ≈ 0.17 is the universal baryon fraction. The lightly colored symbols in Fig. 7 illustrate the individual values for the simulated galaxies, while the full coloured, large symbols show the binned values with a 1-σ scatter. At z = 0, massive central galaxies are at least two to four times more massive than predictions from abundance matching, independent of the assumed model (see also Oser et al. 2010 and ). The origin for the over-production of stars is, however, different. In the NoWM and the MNoW models, too many stars are already formed at high redshift, in particular in low mass halos (see Fig. 2 and middle and bottom panel of Fig. 7) . In the WM model, there is too much in situ star formation at redshifts z 1 caused by the infall of recycled gas and possibly missing AGN feedback (see Davé 2009 ). Increasing the mass loading (σ0 ≈ 600 − 900 km/s) or the kick velocity does slightly lower the present day baryon conversion efficiencies but reduces the SFR at z > 1 too much. This indicates that the WM model cannot fully account for processes driving the evolution of galaxies in massive halos (M halo > 10 12 M⊙). There is only a small difference in the baryon conversion efficiencies of the NoWM and the MNoW models, in contrast to semi-analytic models which normally predict larger differences . Towards lower masses only the MW runs follow the predicted relation with a comparable constant offset. Using a similar wind model, Davé (2009) find lower baryon conversion efficiencies for present-day, low-mass halos. This can be interpreted as a consequence of their lower spatial resolution (see Appendix A). Both models without winds significantly over-predict the stellar masses at higher redshifts. At z ≈ 2 the galaxy stellar masses of the wind model agree with the abundance matching constraints very well both at high and low masses and for satellites and centrals due to the efficient suppression of early star formation (see Fig. 2 ). The difficulty of predicting low baryon conversion efficiencies in dwarf galaxies and matching observed galaxy abundances was already raised in a previous study by Sawala et al. (2011) who stated that dwarf galaxies formed in their and all other hydrodynamical simulations at that time are more than an order of magnitude more luminous than expected for haloes of this mass. The importance and the success of adopting a strong stellar feedback in simulations to overcome this problem and to regulate the star formation efficiencies over a large range was also demonstrated by other recent studies such as the one of Munshi et al. (2013) using the Gasoline code with a blastwave supernova feedback.
THE TWO MODES OF STELLAR MASS ASSEMBLY
Galaxies can grow their stellar masses in two ways: by converting cold gas into stars in situ in the galaxy or by accreting stars that have formed in other galaxies in mergers (Abadi et al. 2003; Naab et al. 2007; Johansson et al. 2009; Oser et al. 2010) . We refer to these two modes as 'in situ' and 'accreted'. The relative amount of in situ and accreted stars was found to vary systematically with galaxy mass in simulations, for semi-analytical models as well as for estimates from abundance matching Lackner et al. 2012; Gabor & Davé 2012; Johansson et al. 2012; De Lucia et al. 2006; Guo & White 2008; Moster et al. 2013; Behroozi et al. 2013; Yang et al. 2013 ).
In Fig. 8 we show the time evolution of the mass of in situ formed stars (left panels), accreted stars (middle panels) and the ratio of the two (right panels) for three halo mass bins. Note that we have only considered central galaxies here and the halo mass bins have changed with respect to previous figures. The abundance matching results from Moster et al. (2013) are indicated by the black lines. The NoWM galaxies grow rapidly and in situ star formation dominates at high redshift z > 1 followed by accretion of stars at z < 1. The contribution from accreted stars can dominate the overall mass budget of the most massive galaxies. Already the inclusion of metal cooling reduces the importance of accretion: high-mass galaxies grow faster at high redshifts due to enhanced cooling and the accreted stellar mass is slightly reduced (also because the accreted galaxies are slightly more dominated by gas, see Figs. 5 and 6). However, galactic winds have the most dramatic effect. For all galaxies the amount of accreted stars is significantly reduced as the merging halos host galaxies with significantly higher gas masses and lower stellar masses (see Figs. 5 and 7) . As a result, galaxies in halos at ∼ 10 12 M⊙ accrete less than 10 percent of their stars. The ratio of in situ formed stars is still high for massive galaxies. Here the galaxies are, however, influenced by the potentially unrealistically high star formation rates. These may be reduced by additional feedback from AGN, compensating the effect of stellar winds and metal cooling (e.g. . Time evolution of in situ formed stars (left column), accreted stars (middle column) and the fraction of the two (right column) in three different halo mass bins (from top to bottom, considering the present-day halo masses). Different models are illustrated by different colours. The solid lines show the average value, while the shaded areas illustrate the 1-σ-scatter. Both metal cooling (MNoW) and galactic winds (WM) increase the in situ/accreted ratio due to a smaller amount of accreted stars and a higher in situ star formation than in the NoWM runs. Model results are compared to the predictions from the SHAM approach , black dashed and dotted lines for 10 12 M ⊙ -and 10 13 M ⊙ -mass halos, respectively). Kang et al. 2006; Monaco et al. 2007; Bower et al. 2008; Somerville et al. 2008) . demonstrated that the fraction of in situ formed to accreted stellar mass is reduced by a factor of ∼ 4 in massive galaxies when AGN feedback is considered using semi-analytic models. Recently, Dubois et al. (2013) also indicated with direct simulations that AGN feedback can suppress late in situ star formation leading to a dominance of accretion of stars in massive galaxies with halo masses 4×10 12 < M halo < 8×10 13 M⊙ (with similar accreted fractions as in Oser et al. 2010 ). This clearly suggests that feedback from AGN and metal cooling/galactic wind feedback in massive galaxies seem to have compensating effects on fraction of accreted stars.
Turning now to the in situ formed fraction of stellar mass, the studies by Moster et al. (2013) and also by Yang et al. (2013) (using the conditional stellar mass function, the CSMF model based on local observational constraints of the star formation rates of central galaxies) find for halo masses of M halo ∼ 10 13 M⊙ present-day, in situ fractions of 80 and 75 per cent, respectively, which is in good agreement with our value of 85 per cent for the WM model (see black dotted and green solid lines in the top right panel of . Mass-size relation of central (circles) and satellite galaxies (stars) at z = 0, 1, 2 (top, middle and bottom panel) for the three models (indicated by different colours). The half-mass radii have been computed using the projected stellar half-mass radius within r 10 . Simulation results are compared to two different observed relations for elliptical galaxies (Nipoti et al. 2009; Williams et al. 2010 ) and spiral galaxies (Shen et al. 2003) . Highmass galaxies are typically smaller using the WM model which over-predicts late in situ star formation, while low-mass galaxies are typically disk-dominated and thus, larger in the WM than in the NoWM model. fractions between 85 and 99 per cent, in qualitative agreement with the ∼ 93 per cent in the WM run, while the results of Behroozi et al. (2013) predict lower in situ fractions of 55 and 80 per cent for 10 12 -and 10 11 M⊙-mass galaxies, respectively. However, for the lowest halo mass bin the in situ fractions in the WM model are low compared to the SHAM prediction (see green solid and black dashed lines in the bottom right panel of Fig. 8) . Overall, this analysis demonstrates that metal cooling and strong winds seem to be necessary and essential to produce high in situ fractions (as derived from observations) in lower mass halos. The significant deviations to the SHAM/CSMF model -which do Figure 10 . Mean half-mass radii versus redshift (top panel) and versus stellar mass of the progenitor galaxies (bottom panel) considering only central galaxies binned according to their presentday stellar mass (filled circles: 3 × 10 10 < M stellar < 10 11 M ⊙ , open circles: 10 11 < M stellar < 10 12 M ⊙ ). Different simulation models are shown by different colours. The green and blue, solid and dashed lines in the top panel show a fit to the WM and NoWM models for the two different mass bins. The numbers within the circles in the bottom panel indicate the redshift. The size evolution for one simulation model hardly changes when varying the present-day stellar mass with the consequence that for the massive galaxies, only the NoWM model can capture the strong, observed size evolution (blue solid line in bottom panel, Patel et al. 2013) , while the weaker size evolution in the WM model is in rough agreement with the observed slope of intermediate mass galaxies (green solid line in bottom panel, van Dokkum & et al. 2013) .
reproduce the cosmic star formation rate history -also indicate the need for an improved treatment of galactic winds (i.e. stronger suppression of early star formation in low-mass halos). A possible, purely observational test for the accreted versus in situ formed stellar fraction are abundance gradients at large radii (r > r eff ). Here, the models predict that accreted stars assemble typically at larger radii and originate from lower mass galaxies with lower metallicities. Therefore steep stellar metal gradients -at radii were stars typically do not form -might indicate high accreted fractions. Additional insight might come from the distribution of globular cluster systems (see e.g. Forbes et al. 2011 Forbes et al. , 2012 . Only the wind Figure 11 . Tully-Fisher relation at z = 0, 1, 2 (from top to bottom) for the three models distinguishing between star-forming (full colours) and quiescent galaxies (light colours). Filled circles and open stars indicate central and satellite galaxies, respectively. The maximum rotation velocities have been computed at r 10 using the contribution from stars, gas and the dark matter halo. Simulation results are compared to observed relations from Bell & de Jong (2001); Miller et al. (2012) and Cresci et al. (2009) . model predicts such steep gradients which we will demonstrated in a follow up study.
Recently, Lackner et al. (2012) , who employ an AMR code (ENZO) with metal cooling and thermal supernova feedback (and thus, corresponding to our red curves), predicted a dominance of in situ star formation in massive galaxies for the entire redshift range, in agreement with our MNoW model, but in contrast to Oser et al. (2010) (whose accreted fractions are twice as high). Lackner et al. (2012) attribute these discrepancies to the different modelling of supernova feedback which is more efficient in their simulations. Numerical resolution and assumed star formation efficiencies might play a significant role as well. Fig. 9 shows the projected stellar half-mass radius (i.e. the size) versus galaxy mass for central (circles) and satellite (stars) galaxies for the three models at z = 0, 1 and 2 (different panels). The half-mass radius of a galaxy is defined as the projected radius, within which half of the final galaxy mass within r10 is included.
SCALING RELATIONS
Compared to observations of early-type galaxies by Nipoti et al. (2009 ) or Williams et al. (2010 (black and blue solid lines), the NoMW model predicts reasonable sizes for massive galaxies (M stellar > 10 11 M⊙, top panel of Fig.  9 ), in agreement with Oser et al. (2012) . In contrast, massive galaxies in the simulation runs including metal cooling and/or winds (where a larger fraction of the galaxies is star-forming) have sizes which are about ∼ 0.2 dex too small compared to the observed most massive galaxies log(M gal /M⊙) > 11.3. This is most likely a direct consequence of the reduced fraction of accreted stellar mass and the high in situ star formation at all times (see section 4), which significantly suppresses the size growth at low redshifts. This result is in agreement with a recent study of Dubois et al. (2013) who show that simulations without AGN feedback produce too small sizes as a consequence of a high, late in situ star formation. In their work, they attribute AGN feedback to be responsible for a significant growth of the size of a massive galaxy since z ∼ 2 as a direct result of a significantly increased accretion of stars at late times and a reduction of star formation at the galaxy centre due to the released energy by the AGN. As for the two modes of the stellar mass assembly, this demonstrates clearly (and maybe not surprisingly) the opposite effects of AGN feedback and metal cooling/stellar winds on the size evolution of massive galaxies. Overall, even if the NoWM model can successfully reproduce the mass-size relation as opposed to the WM model, it does not "justify" the NoWM model but instead indicates a missing process in the WM model which is most likely feedback from AGN. However, the most massive galaxies at higher redshifts (z = 1, 2 in the middle and bottom panel of Fig. 9 ), their half-mass radii at a given stellar mass, do not vary much for the different models and even compared to observations from Williams et al. (2010) , all of them tend to be very compact.
At present, simulated galaxies in the NoWM and MNoW model with stellar masses of M stellar < 5 × 10 10 M⊙ (top panel in Fig. 9 ) are small compared to the observed mass-size relation for late-type galaxies (beige line, Shen et al. 2003) . Instead, galaxies simulated with the WM model have a factor of two to three larger sizes and agree well with the observed sizes. Also at higher redshifts (z = 1, 2 middle and bottom panel of Fig. 9 ), the WM model results in larger low mass galaxies resulting in an interesting turnover at redshift z =2: low mass galaxies are larger than high-mass galaxies. In a study of Brooks et al. (2011) using high-resolved disk simulations performed with Gasoline (including a blastwave feedback scheme), they can also demonstrate that their simulated disks provide an excellent match to the observed magnitude-size relation for both local disks and for disks at z = 1.
The increased sizes in the MNoW model (compared to the NoMW model) are most likely a consequence of efficient cooling so that high angular momentum gas in the Figure 12 . Time evolution of the mean gas (thin lines) and stellar metallicity (thick lines) in different halo mass bins (different panels) and distinguishing between centrals (solid lines) and satellites (dashed lines). Different colours correspond to the MNoW (red) and WM (green) model. The shaded areas show the 1-σ scatter of the mean gas metallicity, the 1-σ scatter of the mean stellar metallicity is not shown explicitly, but is similar to the gas. In the WM runs gas and stars in the galaxies are less metal-enriched than in the MNoW runs and additionally, momentum-driven winds delay the metal enrichment of both the gaseous and the stellar phase, this effect increases with decreasing halo mass.
outer parts of a galaxy can already form stars. The even larger sizes in the WM model indicate that a strong wind feedback helps to transform smaller bulge-dominated into larger disk-dominated galaxies preferentially removing low angular momentum gas. The importance of strong winds in removing low angular momentum gas was first described by Binney et al. (2001) and later discussed e.g. in .
The top panel of Fig. 10 shows the mean half-mass radii versus redshift for massive central galaxies at z = 0 with M stellar > 10 11 M⊙ and their progenitors (filled circles) as well as for lower mass centrals with 3 × 10 10 < M stellar < 10
11 M⊙ (open circles). For the NoMW model, the size evolution is similarly strong for high and low mass galaxies with R 1/2 ∝ (1 + z) α with α ∼ −1.8 (see also Oser et al. 2012 ) and the high mass galaxies are about a factor ∼ 2 larger by z = 0. In contrast, the size evolution of the WM galaxies is much weaker (R 1/2 ∝ (1 + z) α with α = −0.9) and there is almost no size difference between the two mass bins (see Fig. 9 ). The similarity to the MNoW model indicates that more efficient cooling (due to metals) without any additional galactic winds already significantly reduces the cosmological size evolution.
Inspired by van Dokkum & et al. (2013) we show the galaxy size as a function of stellar mass for high-mass (open circles) and low-mass (filled circles) progenitors at different redshifts in the bottom panel of Fig. 10 . Again, NoMW galaxies evolve rapidly R 1/2 ∼ M 2 stellar similar to observed massive galaxies (blue line) but much steeper than observed lower mass Milky-Way progenitors (green line) Patel et al. 2013) . In contrast, the WM model again reveals a weaker size growth as a function of mass with R 1/2 ∼ M , we find that NoMW model provides a good fit to the evolution of only massive galaxies whereas the MW galaxies fit observed low mass galaxies. This is demonstrates one of our major results in this work: none of the models can reproduce the size evolution for both mass ranges at the same time. The failure of the WM model to predict a steep size evolution of massive galaxies is most likely due to their reduced fraction of accreted stellar mass and their high in situ fractions at all times and we may speculate that an additional AGN feedback may resolve this mismatch. Fig. 11 shows the relation between the circular velocity of a galaxy and its stellar mass (Tully-Fisher relation, Tully & Fisher 1977) for the different models at z = 0, 1, 2. Galaxies are separated into star-forming (full colors) and quiescent (light colors) galaxies. We assume the maximum circular velocity vmax within r10 and compare to observed relations from Bell & de Jong (2001); Pizagno et al. (2005) ; Avila-Reese et al. (2008); Cresci et al. (2009); Miller et al. (2012) . The NoMW galaxies lie above the TF relation at all redshifts due to the overproduction of centrally concentrated stellar systems. MW galaxies, however, fit the observed TF at z = 2 and, apart from a turn-up at log M * > 10.5, at z = 1 and z = 0 pretty well. As for this model the stellar mass within a given halo is reduced (see Fig. 7 ), the baryons do not dominate the circular velocity profile any more. For more massive systems the unrealistically high late star formation moves that galaxies away from the relation towards z = 0. Our result is agreement with a previous study of McCarthy et al. (2012) who -using the GIMIC simulations with a constant wind model -can also reproduce the presentday Tully-Fisher at stellar masses below 3 × 10 10 M⊙ though, but obtain a similar 'kink' at higher stellar mass, i.e. too large maximum circular velocities at a given stellar mass. This demonstrates that when the simulated Tully-Fisher relation is in agreement with the observations (high redshifts and lower mass galaxies at lower redshifts), the simulations Figure 13 . Gas-phase metallicity versus galaxy mass at z = 0, 1, 2 (from top to bottom) for the two models including metal enrichment (red, green). Filled circles and open stars indicate central and satellite galaxies, respectively. Yellow squares and solid lines illustrate measurements from Andrews & Martini (2012) ; Maiolino et al. (2008); Erb et al. (2006); Tremonti et al. (2004) . WM runs reproduce the observational data best at z = 2 and the observational data of Andrews & Martini (2012) at z = 0, while the MNoW runs are in good agreement with observations of Tremonti et al. (2004); Maiolino et al. (2008) at z = 0. also match the predictions from the abundance matching models. At low redshifts and for massive galaxies, the models are not in agreement with both the observed TF relation and the abundance matching models anymore (e.g. baryon conversion efficiencies). This result might contribute to the reliability of the abundance matching models.
AGES AND METALLICITY
Finally, we turn to the stellar and gas metallicity content of the simulated galaxies. Fig. 12 shows the time evolution of the mean metallicity in the gas weighted by the SFR (thin Figure 14 . Same as Fig. 13 , but for stellar metallicity. Yellow squares and solid lines show observational data from Thomas et al. (2005) ; Gallazzi et al. (2005) at z=0. WM runs are in good agreement with the observations. In particular the WM model reproduces the rapid decline in metallicity at masses < 10 11 M ⊙ . lines) and the stellar component weighted by stellar mass (thick lines) within r10, respectively, again binned into three different halo mass bins and distinguishing between centrals and satellites (solid and dashed lines, respectively). The 1-σ-scatter is indicated by the shaded areas, the one of the stellar metallicities is not explicitly shown, but is similar to the one of the gas metallicity. Overall, the gas metallicities are slightly higher than the stellar metallicities at a given time and halo mass as the gas gets continuously enriched. The WM runs predict more metal poor (in the gaseous and stellar phase) galaxies than the MNoW runs for the entire redshift and mass range. This is a natural consequence of the galactic winds blowing metal-enriched gas out. As an indirect consequence of the blown-out metal-rich gas, the stellar metallicity will be also reduced, since stars form out of the gas present in the centre of a galaxy (Scannapieco et al. 2006; Wiersma et al. 2009 Wiersma et al. , 2011 Tissera et al. 2012 Tissera et al. , 2013 . Thomas et al. (2005) and Gallazzi et al. (2005) . Both simulations sets can reproduce a tight correlation of both the stellar and gas-phase metallicities with galaxy mass at all redshifts. The gas and stellar metallicities in the MNoW runs are found to be always larger than the ones predicted by the WM runs for the same reason as discussed above. At z = 2, the gas metallicities in the WM runs match the observational data well, while the MNoW runs over-predict the gas metallicity for a given galaxy mass. However, at z = 0 the situation is not clear as observations can differ significantly depending on the calibration method (direct mass-metallicity approach in Andrews & Martini 2012 versus the strong line calibration mass-metallicity in Tremonti et al. 2004 ). The gas metallicities in the MNoW runs provide a fair match to the observational data of Tremonti et al. (2004) and Maiolino et al. (2008) , while the ones from WM runs agree better with the overall lower gas-phase metallicities from the study of Andrews & Martini (2012) . The lower gas metallicities in the WM than in the MNoW runs may be caused by mixing of metal-enriched gas with re-infalling metal-poor gas (in the WM runs) which was blown out of the galaxy at earlier times. The stellar metallicities predicted by the WM runs agree very well with the observational data, in particular with respect to the observed decline in metallicity towards the low mass end. We want to point out that the momentum-driven wind model and the corresponding scaling of the mass loading with the velocity dispersion is essential for the reproduction of the steep decline in both the stellar and gas metallicity towards the low stellar mass end. Finlator & Davé (2008) and have demonstrated that adopting a constant wind model, i.e. with a fixed mass loading and wind velocity, produces an almost flat mass-metallicity relation with a large scatter and is, thus, in strong disagreement with observations.
We compare the mass-weighted ages to observational data in Fig. 15 for z = 0, 1, 2 (different panels). The MNoW runs produce a positive correlation between stellar age and galaxy mass (more massive galaxies are older) at all redshifts, but with a large scatter in the stellar age. In contrast, at z = 1 and z = 2, the WM runs produce stellar populations with ages being nearly independent of galaxy mass and also having a large scatter. At the high mass end, the stellar populations from the WM runs tend to be younger, while at the low mass end they seem to be older than the ones from the MNoW runs. The latter point is most likely due to the strong stellar feedback which prevents star formation in low-mass galaxies so that they are older. At present, the stellar ages predicted by the WM runs are also related to the galaxy mass (with a large scatter in the ages). But compared to the MNoW runs, the stellar populations of the WM runs tend to be slightly younger what is most likely a consequence increased late in situ star formation in massive galaxies compared to the MNoW runs. However, both simulation sets produce stellar populations with reasonable ages and thus, provide a fairly good match with the observed Figure 15 . Average mass-weighted stellar ages fo the simulated central (circles) and satellite (crosses) galaxies as a function of stellar mass. Black lines indicate observed relations from Thomas et al. (2005 Thomas et al. ( , 2010 . The WM runs predict slightly younger galaxies than the MNoW runs, but both sets are in fairly good agreement with the observational data. At the high mass end the WM galaxies are consistently younger than observed because of the still on-going star formation at low redshifts. stellar age-mass relations (black lines) from Thomas et al. (2005) and Thomas et al. (2010) .
SUMMARY AND CONCLUSION
For this study, we have performed three sets of cosmological, hydrodynamical zoom simulations of 45 halos with masses between 10 11 < M halo < 10 13 M⊙ using a modified Gadget2 version including metal enrichment and an empirical model for momentum driven galactic winds based on Oppenheimer & Davé (2006 . We separately (and differentially) study the effects of metal enrichment/cooling and galactic winds on star formation, cold gas fractions, assembly histories, size evolution, metallicities and kinematic scaling relations of the central and satellite galaxies. The main results can be summarised as follows: (i) Galactic winds can efficiently suppress early star formation in low and high mass galaxies as the gas inflow is delayed and gas is prevented to form stars by temporarily being blown out of the galaxies. This leads to an overall increase of cold gas fractions and to a reduction of the baryon conversion efficiencies (for all halos at high redshifts and, in particular, for low mass halos at low redshift). For galaxies in massive halos M halo > 10 12 galactic winds shift the peak in the star formation rate from z ∼ 5 to z ∼ 2. For galaxies in lower mass halos the effect is even more dramatic shifting the peak from z ∼ 4 to almost the present day. The resulting gas fractions, star formation rates and conversion efficiencies are in fairly good agreement with observations and theoretical estimates. Galactic winds provide a reasonable explanation for the observed trend that the star formation rates of low-mass galaxies peak at later cosmic times than the ones of massive galaxies (often termed as "stellar downsizing"), i.e. low-mass galaxies form later in time and do not necessarily follow the early formation of their low-mass halos (as predicted by a cold dark matter dominated Universe). However, the present-day mean star formation rates and baryon conversion efficiencies of our most massive galaxies are by a factor of 10 and 2-3, respectively, too large. This clearly indicates that our currently adopted wind model is not sufficient for massive galaxies, possibly due to missing AGN feedback.
(ii) Galactic winds in combination with metal enrichment lead to an increasing importance of in situ star formation over stellar accretion for the stellar mass assembly over the entire redshift range. This is caused by more efficient metal cooling (more in situ star formation) and the lower galaxy masses in accreted satellite halos (less accretion of stars). The trend for in situ fractions to increase towards lower galaxy masses is in qualitative agreement with the estimates from abundance matching models Behroozi et al. 2013; Yang et al. 2013 ). Quantitatively, however, the WM models still predict too low in situ-to-accreted fractions for halos with masses below M halo < 10 12 M⊙. This is most likely due to a too large amount of accreted stellar systems, which could be suppressed by a more efficient feedback for low-mass galaxies (e.g. Davé et al. 2013) .
(iii) Models with galactic winds under-estimate the sizes (effective radii) of present-day massive, quiescent galaxies (M stellar > 10 11 M⊙) as a consequence of the reduced fraction of accreted stellar systems and a too high in situ star formation at low redshifts. Models which additionally include AGN feedback may again be able to reproduce the observed, larger sizes. In contrast, the effective radii of lower mass, star-forming galaxies are strongly increased in the WM models in reasonably good agreement with the observed evolution. This holds true also for higher redshifts with the result that the relation between stellar mass and size in the wind model tends to vanish. As a consequence, the WM model predicts a much weaker size evolution than the NoWM model which is in good, qualitative agreement for intermediate mass galaxies compared to recent observational results. Overall, one of our main results is that none of our models is able to match the size evolution for high-mass and low-mass galaxies, simultaneously.
In addition, the WM model (as opposed to models without winds) can successfully reproduce the observed relation between maximum circular velocity and stellar mass for galaxies with stellar masses below M stellar < 10 11 M⊙ at z = 0, 1, 2. At higher stellar masses the maximum circular velocities tend to too large in all models again pointing towards missing processes in the models as AGN feedback.
(iv) Galactic winds in zoom simulations are also found to delay the metal enrichment (as a consequence of the delayed star formation) and thus, to reduce the metallicity content (in both the stellar and gaseous component) resulting in an overall good match with observational data up to z = 2.
Our simulations complement previous studies by e.g. Finlator & Davé (2008) ; Davé (2009); Oppenheimer et al. (2010) ; and (who use the same model) by achieving a significantly increased mass and spatial resolution. In addition, we extend the studies of Oser et al. (2010) and Oser et al. (2012) whose simulations are based on the same initial conditions but missing metal enrichment and strong stellar feedback.
Overall, metal enrichment and strong galactic winds (even if implemented in a very phenomenological way) are shown to be essential for producing (particularly low-mass) galaxies with many reasonable properties in excellent agreement with observations (with previous, lower resolution studies). For massive galaxies at low redshifts, however, some problems still remain: the baryon conversion efficiencies and the in situ star formation rates are too high while sizes are too small. This clearly signals one or more missing further mechanisms (e.g. AGN feedback), to suppress late in situ star formation and this way to increase the fraction of accreted stars. Due to the possibly deficient galactic feedback (where the small-scale physical processes driving the winds are not resolved) the necessity for AGN feedback might be over-estimated. However, all of the currently used, different models -either simulations or semi-analytic predictions -agree that particularly for massive, quiescent galaxies, another form of feedback is required, otherwise the wellknown over-cooling problem is encountered. A plausible candidate (as it was already shown in simulations and SAMs) is feedback from AGN. The relative strength of AGN and stellar feedback is, however, still model dependent. Moreover, some of our results (e.g. the too large contribution of accreted stellar systems to the overall stellar mass assembly for low-mass halos) indeed point towards a deficient implementation of stellar feedback and they tend to indicate the need for even stronger stellar winds particularly in lowmass galaxies. This is e.g. shown in a very recent study of Davé et al. (2013) who adopt an energy-driven wind model for dwarf galaxies (where the mass loading scales with σ −2 ). This is found to even more reduce the amount low-mass galaxies and thus, match e.g. the low-mass end of the stellar mass function better. In this paper, we have only focused on the effect of metal enrichment and galactic winds on several global properties of galaxies, but in a forthcoming paper, we additionally plan to study the radial profiles of different baryonic components, particularly metallicity gradients, under the influence of galactic winds and how they compare to recent observations. Wiersma R. P. C., Schaye J., Theuns T., Dalla Vecchia C., Tornatore L., 2009, MNRAS, 399, 574 Williams R. J., Quadri R. F., Franx M., van Dokkum P., Toft S., Kriek M., Labbé I., 2010, ApJ, 713, 738 Yang X., Mo H. J., van den Bosch F. C., Bonaca A., Li S., Lu Y., Lu Y., Lu Z., 2013, ArXiv e-prints Zhang D., Thompson T. A., 2012, MNRAS, 424, 1170
APPENDIX A: EFFECTS OF NUMERICAL RESOLUTION
For one high-and low-mass halo with final masses of M halo ∼ 10 12 M⊙ (M0977) and M halo ∼ 2×10 11 M⊙ (M6782) we have performed re-simulations including metal cooling and winds with a four times better spatial resolution (i.e. reduced softening length by a factor of four, i.e. 4x-resimulations) than the original one to study the convergence of our results with higher resolution. As for the 2x-resolution runs, we traced back the particles that are closer than 2×r200 to the centre of the halo in any of our snapshots in the original DM-only simulation (m dm = 2×10
8 M⊙ h −1 ) and replace them with dark matter and gas particles of higher resolution, achieving a 64 times better mass resolution in the high-resolution region than in the original DM simulation (and thus, an eight times better mass resolution than the 2x-resimulations which are considered throughout this work): m dm = 3.1 × 10 6 M⊙ h . This also suggests that the haloes with different resolution have experienced the same amount major/minor mergers. Regarding the baryons, we show in Fig. A the evolution of the stellar mass, the cold gas fractions and the SFRs of the central galaxy. We find that the haloes with four times larger spatial resolution contain slightly more massive galaxies with slightly smaller cold gas fractions, but higher SFRs. This indicates that with increasing resolution the wind feedback seems to become very slightly less efficient. This is only a weak effect, which we have already mentioned before in order to explain the small differences between our 2x-resimulations and the results from previous studies using the same code but having a worse resolution (Oppenheimer & Davé 2006 Davé 2009; . To summarise, we find no significant difference in the evolution of the central galaxy/main halo in the simulations with different resolution. Therefore, due to computational costs, we restrict our main study to 2x-resimulations (i.e. the dashed lines in Fig. A) . Figure A1 . Cosmic evolution of halo mass, stellar mass, cold gas fractions and SFRs for two different halos (M0977: M halo ∼ 10 12 M ⊙ , pink lines and M6782: M halo ∼ 2 × 10 11 M ⊙ turquoise lines) with 2x (dashed lines) and 4x (solid lines) resolution. We find no significant difference in the evolution of the central galaxy/main halo in the corresponding runs with different resolution.
